A compact (50 × 50 × 4 mm 3 ) dual-band radio frequency identification (RFID) tag antenna mountable on metallic objects is proposed for the ultra-high frequency (UHF) band (917∼923.5 MHz) and the microwave (MW) band (2.4∼2.45 GHz). With the proximity-coupled feed loop, the proposed antenna consists of two symmetric planar inverted-F antenna (PIFA) elements for the UHF band passive tag and a meander microstrip patch antenna for the MW band active tag. The performance of the proposed antenna is verified by mounting it on the different sizes of the metallic object. Furthermore, the passive tag antenna in the UHF band furthermore may be used for energy harvesting techniques to improve the lifetime of the active tag in the MW band. The measured maximum read range is 5.50 m in the UHF band and 14.15 m in the MW band when the proposed tag antenna is mounted on the metallic objects. The total efficiency for all operating frequency bands is higher than 50%. High isolation (>12 dB) between tag antennas in the UHF band and the MW band is achieved.
Introduction
A radio frequency identification (RFID) system identifies an object by using short-range digital wireless techniques without direct contact. The number of applications for RFID systems has been growing rapidly in industries such as service, inventory control, distribution logistics, security systems, manufacturing process control, medical and biological, vehicular applications, and railway [1] [2] [3] [4] . The RFID system consists of a reader and a tag that are separated by a short distance. Since they communicate with each other by electric/ magnetic field coupling or electromagnetic waves, the antenna is one of the key factors for RFID systems. The optimized antenna design of the RFID system can give a longer reading range, better accuracy, and reduced antenna fabrication cost.
When the reader emits a radio-frequency signal, it then detects and interrogates the tag for its content information, and the tag then sends a return signal back to the reader. Tags are usually small, simple devices consisting of an antenna and an IC chip. Tags can be classified as passive, active, or semiactive according to how they generate power when interrogated by the reader. While an active or semiactive tag has a battery to supply power, a passive tag uses the power emitted from the reader [5] . For an RFID active tag, since its operational lifetime is limited by the on-board battery, the need of long time PM (power management) techniques is one of the major areas [6] . The main goal for achieving a long lifetime is the optimization of the energy budget of the tag. This is however not possible using single use batteries without replacing them frequently. Thus, through energy harvesting techniques, additional energy sources may support the onboard battery.
The allocated frequency bands for RFID applications vary within a broad frequency range from low frequency (LF) (120-140 kHz), high frequency (HF) (13.56 MHz), and ultrahigh frequency (UHF) (868-928 MHz) to microwave (MW) (2.45 GHz and 5.8 GHz). The UHF band becomes attractive because of the high reading speed, capable multiple accesses, anticollision, and long reading distance compared to the 2 International Journal of Antennas and Propagation LF and the HF bands. The MW band has been used for the industrial, scientific, and medical (ISM) band in the various radio telecommunication services [7] . It has similar electromagnetic characteristics as those of the UHF band.
To obtain a high reliability for reading range and reading rate and to achieve a long lifetime with additional energy harvesting techniques, dual-band operation is demanded for RFID tags [8] [9] [10] . Thus, determining how to design a compact dual-band antenna within a small volume can be the most important issue. For dual-band operation, passive and active tag antennas may be designed in the UHF and MW bands, respectively. An active tag in the MW band may then be able to harvest additional energy from a passive tag antenna in the UHF band by applying energy harvesting techniques, so that a long lifetime of an active tag can be achieved by supporting the on-board battery.
In general, the performance of the tag seriously affects the performance of the whole RFID system, while the antenna is the major part of the RFID system that mostly affects the ability to read the tag. The tag antenna thus needs to be designed considering its operating environments or platforms. When it is mounted on metallic objects, the antenna performance can be seriously decreased because of the reactance variation on the antenna impedance [11, 12] . Particularly, for a passive UHF band RFID system, a tag does not contain its own power source. The reader antenna sends a radio signal to activate the passive tags, then listens for their backscatter, and reads the data they transmitted. A passive tag antenna must be designed to transmit the power efficiently, obtained from the reader antenna, to the microchip without possible losses. Therefore, impedance matching between the tag antenna and the microchip is very important. The impedance of an RFID tag antenna also varies when it is mounted on different objects. Particularly, metallic objects strongly affect the antenna performance by lowering the efficiency of a tag. Therefore, tag antennas must be designed to enable tags to be read near and on metallic objects without severe performance degradation. In order to achieve stable antenna performance on various metallic platforms, it is important to minimize the effect of the metallic supporting object.
In this paper, a compact (50 × 50 × 4 mm 3 ) dual-band RFID tag antenna mountable on metallic objects without severe performance degradation is proposed for UHF band (917∼923.5 MHz) and MW band (2.4∼2.45 GHz). With the proximity-coupled feed structure, two PIFA elements operate for a passive tag in the UHF band, and they furthermore may be used for energy harvesting techniques to improve a lifetime of an active tag in the MW band. A meander microstrip patch antenna in conjunction with the proximitycoupled feed structure operates for an active tag in the MW band. The proposed antenna has two 50 Ω ports in order to be applicable for energy harvesting techniques to an active tag. Figure 1 shows the geometry of the proposed antenna and detailed dimensions of the design parameters. To enable tags to be read on metallic objects without severe performance degradation and to be designed within a small volume, the proposed dual-band RFID tag antenna consists of two PIFA elements (Radiators 1 and 2), a meander microstrip patch (Radiator 3), a common ground plane, inductive coupled feed loops (Feeding loops 1 and 2), and shorting strips (Shorting strips 1 and 2) as shown in Figure 1 (a). The overall size of the antenna including the ground plane is 50 × 50 × 4 mm 3 as shown in Figure 1 (b). Two PIFA elements and a meander microstrip patch operate in the UHF band and in the MW band, respectively.
Antenna Design and Results
Two 50 Ω ports are available in the proposed dual-band RFID tag antenna so that an active tag in the MW band is possibly able to extend the lifetime by harvesting an additional energy from a passive tag antenna in the UHF band. Radiators and feeding loops are etched within the volume of 45 × 45 × 1 mm 3 and on the FR4 ( = 4.4) substrate as shown in Figures 1(a) and 1(b); and these are then finally mounted on the foam ( = 1.1 and thickness = 3 mm) with the common ground plane.
Several possible antenna types can be used for RFID tags. The dipole types of antennas such as folded dipoles and meandered dipoles are used in many applications since they can be printed on very thin film. The label-type tag antenna where the dipole is printed on a thin film has been used in many nonmetallic platforms. When they are however mounted on the metallic objects, the antenna performance is seriously deteriorated because of the reactance variation on the antenna impedance. To overcome this problem, several PIFAs, IFAs, or microstrip patch antennas have been proposed for tag antennas mountable on metallic objects [13] [14] [15] [16] . The proposed dual-band tag antenna, which consists of two PIFA elements and a meander microstrip patch in conjunction with the proximity-coupled feed structure to broaden bandwidth, is thus designed as mountable on the metallic objects without severe performance degradation and within a small volume.
Two PIFA elements (Radiators 1 and 2), which are fed by the inductive coupling loop (Feeding loop 1) as shown in Figure 1 , cover for the UHF band (917∼923.5 MHz). Figure 2 (a) shows the simulated surface current distributions on Radiators 1 and 2 at 920 MHz. They are in phase with equal amplitude, symmetrical with respect to the -axis, and are inductively coupled to each other. At the open ends of two PIFA elements, the distance between Radiators 1 and 2 is about 1/4 at 900 MHz. E-field direction of the main beam is along the -axis due to the symmetric current distribution on the radiators. The main beam direction of the proposed antenna is normal (+ -axis) to the ground plane. Major coupling therefore comes from between the two symmetrical radiating PIFA elements rather than between the radiator and the ground plane. This means that the radiation of the proposed antenna at the UHF band comes mainly from these two PIFA elements, so that performance degradation of a tag antenna due to metallic objects can be considerably reduced. In order to obtain the better impedance match, two stubs are added into Feeding loop 1 by increasing the inductance between the two PIFA elements and the feeding loop structure. The meander microstrip patch antenna (Radiator 3), which is fed by the inductive coupling loop (Feeding loop 2) to achieve wide impedance bandwidth as shown in Figure 1 , covers the MW band (2.4∼2.45 GHz). Figure 2(b) shows the simulated surface current distribution on Radiator 3 at 2.425 GHz. E-field direction of the main beam is along theaxis, and the main beam direction is normal (+z-axis) to the ground plane. In order to obtain the more compact volume of a dual-band tag antenna, Radiator 3 is meandered between Radiators 1 and 2. Since the microstrip patch antenna has its own ground plane to operate, it may be a good choice for a RFID tag that identifies metallic objects. In general, a microstrip patch antenna has stable performance when its ground plane is extended more than 0.25 from the radiating patch. Therefore, the proposed microstrip patch antenna, which has a relatively larger (50 mm × 50 mm = 0.83 × 0.83 at 2.4 GHz = 0.31 × 0.31 at 900 MHz) common ground plane in the MW band than in the UHF band, can give stable tag performance on metallic objects without severe performance degradation. Figure 3 shows a photograph of the proposed antenna used for the measurement. When measuring the electric field pattern and total efficiency, Port 1 for the UHF band tag antenna was excited, while port 2 for the MW band tag antenna was terminated to a load with 50 Ω and vice versa. Figure 4 shows the simulated and measured radiation patterns of the proposed antenna at 920 MHz and at 2.425 GHz. It is noticed that the main beam directions both in the UHF band and in the MW band are normal (+z-axis) to the ground plane. The simulated and measured radiation patterns agree well. Figure 5 shows the simulated and measured S-parameters of the proposed dual-band RFID tag antenna. It shows that the proposed antenna covers both the UHF band (917∼ 923.5 MHz, VSWR < 2) and the MW band (2.4∼2.45 GHz, VSWR < 2). Although the proposed antenna is designed within a compact size, high isolation ( 21 and 12 > 12 dB) between the UHF band tag antenna and the MW band tag antenna is achieved. Figure 6 shows the simulated and measured total efficiencies of the proposed antenna. It is noticed that the proposed antenna gives relatively good efficiency (>50%) for all operation frequency bands [17] .
To study the effect of metallic objects, the performance of the proposed antenna is measured by mounting it on different sized metallic objects (copper plate). The size of the copper plate is varied from 0.5 × 0.5 to 1 × 1 at 900 MHz in the UHF band, which is from 1.33 × 1.33 to 2.67 × 2.67 at 2.4 GHz in the MW band. Figure 7 it is mounted on the different sized metallic objects. Figure 8 shows the measured total efficiency of the proposed antenna mounted on the metallic objects. It is noticed that when the proposed antenna is mounted on the metallic object, while total efficiency increases slightly more than that without the metallic object, it is almost identical for the different sizes of the metallic object. Since radiation of the proposed antenna in the UHF band comes mainly from two symmetrical PIFA elements rather than coupling between the radiator and the ground plane, a tag can thus give stable performance on the metallic objects without severe performance degradation. In addition, since the relatively larger electrical size (1.33 × 1.33 to 2.67 × 2.67 at 2.4 GHz) of the metallic object in the MW band can be operated as the reflector for a microstrip patch antenna, it may improve efficiency. Figure 9 shows the measured radiation patterns at 920 MHz in the UHF band and at 2.425 GHz in the MW band. It is shown that when the proposed antenna is mounted on the different sizes of the metallic object, it gives a slightly higher directivity, and its back radiation is considerably reduced. Table 1 shows the measured read range of the proposed antenna with RFID IC (ATA5590) [18] . In the UHF band, the maximum read range is 5.15 m and 5.50 m without the metallic object and with the metallic object, respectively. In the MW band, the maximum read range is 13.50 m and 14.15 m without the metallic object and with the metallic object, respectively. The measured 6 International Journal of Antennas and Propagation results show that the proposed antenna gives a slightly longer read when it is even mounted on various sizes of the metallic object. 
Conclusion
A compact (50 × 50 × 4 mm 3 ) dual-band RFID tag antenna is proposed for the UHF band (917∼923.5 MHz) and the MW band (2.4∼2.45 GHz). By using two symmetrical PIFA elements in the UHF band and a meander microstrip patch in the MW band, in conjunction with the proximity-coupled feed structure to broaden bandwidth, the proposed antenna, which is mountable on metallic objects without severe performance degradation, can be designed within a compact volume. Having two 50 Ω ports in the proposed antenna, a passive tag antenna in the UHF band may furthermore be used for energy harvesting techniques to improve the lifetime of an active tag in the MW band. The total efficiency for all operating frequency bands is higher than 50%. High isolation (>12 dB) between tag antennas in the UHF band and the MW band is achieved. The maximum read range is 5.50 m and 14.15 m in the UHF band and in the MW band, respectively, when the proposed RFID tag antenna is mounted on the metallic objects.
